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INTRODUCTION
[ ]

The dynamics of the engine have become of prime importance in the
study of control systems for turbine-propeller engines (reference 1).
This importance arises from the fact that & control must be matched to
an engine for all conditioné aiid therefore, in order to build good
controls, the dynamics of the engine must be known. The time
response o0f the engine speed to & step change in blade angle wlth

Puel flow held constant or In fuel flow with blede angle held constant,

and the megnitude of change in engine speed produced by & glven change
in blade angle or fuel flow (ratio of change in engine speed to change
in blade angle or fuel flow) represent two of the most important
dynamic characteristice of the engine, time constant and gain factor,
respectively.

The results of a previous Invesatlgation of & turbine-propeller
engine (reference 2) show that values of the time constant cen be
determined from frequency response analysls of the engine.

The purpose of thils lnvestlgatlon was to determine the time con-
stants and galin factors of an engine over an extended range of oper-
ating conditions in order to study the dynamice of turbine-propeller
engines. In addition, a comparison 1s made between time constants
obtained from steady-state dasta and time comstants obtained by tren-
slent operation of the system. The effects of magnlitude and directlon
of chenge in the input varlable on the time constant are discussed.

All turbine-propeller engline cheracterlstics presented In this
report were d.etemi_ned. under sea-~level statlc condltions.

ANATLYSTS
Times Constant from Steady-State Sonsideration

The first method of obtalining the time constant involves the use
of stesdy-state characteristic curves of the engine-propeller system
(fig. 1). These curves show the varilation of englne torgue with
engine rotative speed for values of constant fusl flow and for values
of constant blade angls.

An snalytical expression relating time constant to the steady-
gtate characteristic curves of the engline system is desired. The
firgt-order linear differentlal equatlon representing the dynamic
response of the turbine-propeller engine (reference 2) is
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All symbols are defined in the appendix.

The time constant that characterizes the response of equation (1)
therefore is
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From known moments of inertlia and values of Sﬁ;' from the slopes

of steady-state characterlstic curves, thils expression is used %o
obtain time constants.

(2)

Time Constant from Trensient Operation

The second method of determining the time constant requires
obgervatlion of the englne speed response under actusl transient condi-
tions of operation. A step input in fuel flow or blade angle results
in & speed response that l1s observed by the use of a photorecording
ogscillograph.

Although time constants could be most readily determined from
measuring the tlme for the speed change to reach 83.2 percent of 1ts
Tinal value, thlis method 1s subject to Inaccuracy. Therefore, a
gemilog method developed by Harold Gold of the Lewls laboratory is
used. The basls for this method 1s as follows: A step change in
fuel flow or blade angle in an ldeal first-order linear system
produces an exponential change In speed with time. Such an expo-
nential curve, rising from an initlal value at zero time to soms
final value, ls expressed In the followlng form:
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ol L A
N(t) =Np(l ~eT)+ Ny o7

% = log (N;f' - Ni) - log (Nf - N(t)) ? (3)
. (Ne - Ny)
=T 108 T_—Nf _“‘_N(.bss W,

The last form ofequation (3) shows that the relation between 1
Np - Ny

and the logarithm of the ratio Ny - V(6 ie that of a straight line
vhere T 1g the slope. Figure 2 shows a semilogarithmlc plot of
typical data, wherein (Np - N(t)) 1is plotted on the logarithmic
gscale and time 1is plotted on the rectangular scale. The locus of
log (Ng¢ - N(t)) is observed to be a straight line. Thus the afore-
mentioned method for obtaining the time constant is valid.

In figure 2:

%y represents time when Ng N(t) = 1; %3 = T(log Np - log 1)

N(t) = u; tp = T(log Na - log u)

tz represents time when Ne

[

tg - t; = ~-T logu + T log 1 = 7(~log u)

tg -ty =T when u = e”1 = 0.368

Therefore the length off the proJjected ee nt on the time axis between
the points Np - N(t) =1 and Np -_N(t§m= 0.368 18 the time con-

stant T. The term (Np - Ny) 1s a conetant and does not affect the
slope T.

APPARATUS AND PROCEDURE
Engine Installation

The principal components of the engine used in this investigation
are an axial-flow compressor, reverse-flow cotibiistion chembers, and a
gingle-stage direct-coupled: turbine. A two-stage planetary gear system
provided a speed reduction between the .burbine and the propeller.

A 12-foot, l-inch-dismeter, four-bladed propeller was installed on
the engine. The pitch-changlng mechenism mainteins a linear relation
beotween the position of the Ilnput lever, or beta arm, and the blade
angle, as noted in reference 2.
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In order to vary blade angle, & hydraullc actuator was cophected
to the beta srm. Fuel flow wag varled by means of & hydraulic
actuator attached to the englne fusl regulator valve.

Instrumentatlion

Steady-state messurements were taken of fuel flow, blade angle,
turbine outlet temperature, engine torque, and englne speed. These
variables also were measured during translient conditions of operation.

Traenslent fuel flow was Indlcated by the use of an anerold-type
pregssure sensor with a strain-gege element to meagure total fuel pres-
sure Iln the main fuel line Immedlately upstream of the engine fusl
menifold. The strain-gage element was connected to a bridge circult
in a strain snalyzer, where the resulting signal was amplified and fed
to a photorecording oscillograph. Steady-state meesurement of fuel
flow was obtained by use of a rotameter lnsgtalled in the main fuel line.

Blade-angle posltion was measured by use of a potentlometer,
actuated by the propeller blade, that varied the flow of current in an
electric circult in direct proportion to the blade positlion. For
steady-state measuremsnts, the current wes measured by a millismmeter;
during tranglent conditions the clrcult was swltched to a recording
osclllograph element. A conventlonal slip-ring arrangement was used
to complete the circult bstween the potenticmeter on the propeller hub
and the recording device.

The ring gear of the planetary reductlon unit of the englne is
regtrained by a self-balancing hydrsulic system. Under translent
conditions of operation, the torque output of the engline was Indicated
by the pressure required to act on the hydrsulic plstom to maintalin
balance. This pressure was measured by an aneroid-type pressure sensor
with a gtrain-gage element. The signal wes emplified and fed to an
oscillograph unit. For steady-stage torque output measurement, the
pressure was measured by a Bourdon-type gage. Because thils measurement
was mede under steady-state condltloms, 1t was also an indicatlon of
torque input. The methods of analysis applied to this Investigation
d1d not require utilization of transient torgque measurement.

Transient speed measurement wes facllitated by a direct-current
generstor geared to the engine. The volbage generated was propor-
tional to englne speed. This voltage was applied to an osclllograph
element. : '

Engine speed had a tendency to drift slightly under steady-state
conditions, even though input varlables were held constant. In order
to obtaln an accurste Indication of steedy-state speed Immediately
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before and after each transient run, a means of effectively incressing
the gcale sengitivity of the spesd indicator was incorporsted in the
measuring system. A mechanical differentisl end a synchronous electric
motor were utllized in the measuring circuit to make posaible speed
measurement from an initial value of 11,000 rpm to a final value of
13,000 rpm, thereby expanding the crulsing speed range of the engine
over the full scale range of the indicator. One input shaft of the
differential was driven by an engine tachometer pad; another was driven
by the synchronous motor. By means of proper gear ratios, operation of
the synchronous motor caused O rom of the output shaft of the differ-
ential at 10,500 rpm englne speed. As the engine speed increased, the
differential output shaft imparted rotabional motion to & three-phase
tachometer generstor, connected to the indicator. Speeds Pram 11,000
to 13,000 rmm were accurstely indilcated. :

Turbine outlet temperature was measured with one chromel-alumel
thermocouple and recorder for steady-state operation and with three
chromel-constanten thermocouples and oscillograph for transient opera-
tlon. All thermocouples were located in the same vertical plane immed -~
lately behlnd the turbine. Trensient turbine outlet temperatures were
not utilized in thils investigatiom.

A 10-cycle-per-gecond timing signal genersted by an audio-
ogcillator was recorded on the osclllograph film to show the tims
varigtion of the recorded varisbles. '

Steady-state valuee were recorded before and after each transient
run to provide calibrations for meassurement of parameters under tran-
sient conditions.

Teble I indicates the steady-state and transient characteristics
of ‘the Instruments used. :

Procedure

Steady-state runs. - ITn order to obtaln engine time constants from
steady-state characterlstics, a map of engine torgue against engine
speed wes utilized. This map (fig. 1) presents engine torque against
engine speed for lines of constant fuel flow and constant blade angle
in the crulsing speed range. The fuel flow varied from 700 to
1250 pounds per hour and the blade angle from 15° to 29°. Maximum
torques in the torgue-speed curves were limited by an allowable safe
operating turbine outlet temperature of 1265° F. :

Trenslent runs. ~ In order to obtain time constants end gain
factors wnder 'brangient conditions of operatlon, step changes were made
in speed over the cruising speed range. Both increasing and decreasing
incremental changes in speed at a given operabing point were recorded

022z



02e2

NACA RM E51F15 JE 7

on & photorecording oscillograph. The masgnltude of these changes was
approximately 400 rpm. To faclllitate comparison of time constants from
translent operation with time constants from stesdy-state characteris-
tlcs approximately the same ranges of constant fuel flow and constant
blade angle were used for both translent and steady-state operation.
The values of constant fuel flow and constant blede angle used in the
transient runs were

Fuel flow (lb/hr): 700, 750, 820, 883, 950, 1000, 1066, and 1126

Blade angle (deg): 15.00, 17.10, 18.90, 21.00, 23.00, 25.00, and
27.03 :

A reproduction of btyplcal transient data recorded on the osecillo-
graph is presented in figures 3(a) and 3(b).

Megnitude and dlrectlon effects. - Effects of megnitude and direc-
tlon of speed change on the engine time constant over the cruising
englne speed renge from 11,000 to 13,000 rpm were lnvestigated. The
variations in speed to determine these effects were obtalned by varying
blade angle while maintaining a constaent fuel flow. In order to cover
the crulsing engine speed range, an operating speed of epproximately
12,000 rmm was chosen. Using thils value of initial speed, step
chenges in blede angle first were made to produce Incremental changes
In speed from 200 to 1000 rpm both sbove and below this starting point.
Using spproximately 12,000 rpm as the final value, step changes in
blade angle then were mede to produce Incremental changes in speed of
200 to 1000 rpm from initlal speeds ebove and below this approximate
final speed polnt. Time constents were obtained for all of the incre~

mental speed changes.

RESULTS AND DISCUSSION
Experimentelly Determined Time Constent from Steady-State
Characteristics of Engine
Values of time constant from steady-state charachteristics for
varlous values of constaent fuel flow and constant blade angle are
presented 1n flgure 4. All values of time constant are corrected to
NACA standard sea-level temperabure and pressure.
Experimentélly Determined Time Constant from Transient
Operation of Englne

The faired curves In figure 5 show time constant variation with
speed for various values of constent fuel flow and constant blade angle

from transient operation.
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Comparison of Time Constants

A comparison of figures 5(a) and 5(b) indicates that the average
value of time constant for constant blade angle exceeds the average
value of time constant for comstant fuel flow by approximately 13 per—
cent for all values of speed in the engine crulsing speed range.
Although thils correlation is sabtlsfactory for comtrols work, it Indi-
cates a lag in the fuel system as compared to blade angle response.

A camparison of figures 4(a) and 5(a) indicates that the average
values of time constant for constant fuel flow from steady-state char-
scteristics agree satisfactorily with average values of time constant
from transient operation for all values of apeed in the engine
cruising speed renge. Figure 6(&) presents the variation with speed
of the time constant from steady-state characteristios and time con-
stant from trenslent data at the minimm end maximum values of fuel
Plow.

A compsrison of figures 4(b) and 5(b) indicates that for any glven
value of constent blede engle the time constants from transient dats
exceed the time constants from steady-state characteristics by approxi-
metely 14 percent for all values of engline speed in the crulsing speed
range. Figure 6(b) presents variation with speed of time constants
Prom steady-state characteristice and time constants from transient
data at the minimm and maximm values cf blade angle.

Time Constant Varlation wlth Changes in Magnitude
or Direction of Speed Increments

Flgure 7 presents the effect on time constant from transient oper-
ation of covering the speed range 1n Increasing and decreasing incre-
ments of from 200 to 1000 rpm and for a fuel flow of 950 pounds per
hour. The time constants resulting from these incremental changes are
presented as a function of the final engline speed and are shown by
date points. The behavlior of average time constants as a function of
final speed for incremental changes of 400 rpm over the cruising speed
renge 1ls indicated by the limne for comPa.rison of time constant ab
final speed for varied incremental speed changes. The results indicate
that increasing or decreasing changes 1n gpeed up to and including a
magnitude of 1000 rpm can be made with no appreciable variastion in the
value of the time constant within the experimental error. TFurthermors,
the varistion of time constant versus final engine speed le of such
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small magnitude as to indicate that incremental changes in speed larger
then 1000 rpm can be msde with no apprecilable variation in the value of
the time conatant. : ’

Experimentally Determined Gain Factors from Transient Operatlion
of Engine

In order to measure the speed-to-blade-angle-gain Ffactor and the
speed -to-fuel-flow-gain factor, the initial and final values of speed
for known chenges in blade angle or fuel flow were utlilized. Figures 8
and 9 present speed-to-blade-angle-gain factor and speed-to-fuel-flow-
galn factor, respectively, versus speed for the incremental changes in
speed wsed to Investigate time constants.

Figure 8 Indicates that the speed~to-blade-angle-gain factor varies
linearly wlth englne speed and the rate of change in gain factor with
speed 1s approximately the same Ffor all values of constant fuel flow.
The gain factor increases very rapdlly, both with a decrease in engine
speed for a glven constant fuel flow and wilth incressing values of con-
gtant fuel flow at a glven englne speed. This condition indicates thab
decldedly large values of gain factor exlst at the lower portion of the
crulsing speed range for hligh values of fuel flow.

Figure 9 Indicates that for values of constant blede angle the
gpeed -to~-fuel-flow~galn factor increases as the englne speed. decreases.
This Increasse is not linear as the geln factor increases more rapldly
for a glven blade angle with changes in speed as the englne speed is
decreased.. For a glven value of engine speed the gain factor incresases
as the value of constant blade angle decreases. The caubination of low
speeds and small blade angle glves maximum geln factors.

SUMMARY OF RESULTS

The following results apply to btime constant and galn factor
behavior of a bturbine-propeiler englne 1n sea-level statlic operation:

l. For all values of speed in the englne cruising speed range,
averasge values of time constant for comstant fuel flow obtalned from
both steady-state characteristics and from translent operatlon agreed
satisfactorily, whereas the time constantes obtained from transient
operation exceeded the time constants obtained from steady-state char-
acteristics by approximately 14 percent for any given blade angle.

2. Over the entire cruising range of the engine, the time
constants showed only & small variation with final engine speed and were
independent of magnitude end directiqn of change in blade angle for

constant fuel flow.
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3. DFor values of constant fusl flow, speed-to-blade-angle gain
increased linearly and rapldly wlth decreasing engine speed. TFor values
of constant engine speed, this galn increased with fuel flow. Conse-
quently high speed-to-blade-~angle gein exigted at a combination of low
speed and high fuel flow.

4. TFor values of constant blade angle, speed-to-fuel-flow galn
increased. rapidly with decreasling speed. The rate of lncrease of this
gain with decreasing speed became groaber at the lower values of speed.
For values of constant speed, this gein increased with decreasing values
of blade angle. Consegquently, high speed-to-fuel-flow gain existed at
a combination of low speed and low blade angle.

Lewls Flight Propulsion Laboratory,
National Advisory Committee for Aeronaublcs,
Cleveland, Ohlo.
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APPENDIX. - SYMBOLS

polar moment of inertla of englne, (1b)(ft)(sec)(rad)(min)/
revolution

polar moment of inertia of propeller, (1b)(ft)(sec)(rad)(min)/
revolution

engline speed, rpm
final engine speed, rpm

initlal speed of englne at time 0, rpm
propeller gpeed, rmm

speed of engine at time +, rm

torque input to engine, lb-f%

torque output of propeller, 1b-ft

gear ratlo of engine speed to propeller speed
time, sec

time when +t is tl, gec

time when + is t5, sec

value of N, - N(t) when t is to

fuel flow, lb/hr

propeller blade angle, deg

Incremental changs

amblent statlc pressure
NACA stendard sea level pressure

ambient static temperature
NACA standard sea level temperature

system time dbnstant, sec
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TABLE I. - STEADY-STATE AND TRANSIENT CHARACTERISTICS OF INSTRUMERTS  —MNACA
Meesured gquantity Steady-state Transient Instrumentatlon
Instrumentation Sensor Frequency
response range
(cycles/sec)
Fuel flow Rotameter Aneroild-type pressure 0 - 40
(static pressure) gensor wlth strain-
gage element copmected
to glve indication on
ogcillograph
Blede angle Wire-wound potentliometer | Wire-wound potentlometer| 0 - 40
connected to glve posi~ | connect to give positlon
tlon indicetion on indicatlon on
microammeter osclllograph
Turbine-outlet One chramel-alumel Three chramel-constantan| 0 -~ 1
temperature thermocouple connected thermocouples in serles
to recorder connected to glve indi-
catlon on cscillograph
Torque Bourdon-type gage Anerold-type preasure 0 - 40
sengor with etraln-gage
element comnected to
glve indication on
ogcillograph
Engine speed Three-phage tachameter | Direct-current gemerator | Limited by
generator, mechanical connected to give indl- | Filter
differential and oation on osgclllegraph circiut
synchrcnous motor to 0 - 2.85
eliminate sensing of
speeds below desired
range
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(b) Step input in fuel flow at conetant blade angle. W
Figure 3. - Typlcal recording of translent date from turbi_ne-p:_‘opellar engine.
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Pigure 8, - Variation of tpead-to-blade-angla-gain factar with engine speed for turbine-propaller engine from transient operation at
constant fuel flow.

T2



22 - g NACA RM ESIFLS
g
mwm 3 8 2 18 |3 m|1 m
M(ﬁ ._m m_AAm ” Q m
g
F 1
\__un 44 A\ﬁ o\ m
AN NN RIS
AP LI T T3
AViRaN / ] 3
A VavY | T lum mw
N/ A/ 1
Evyyiavinnl
AT 1T w
P aviDvilwl 5 1
S ; m
NAN /NS L7 ;
DAV B7i g
TR E T[4k :
L ! ! 4 L 2 i

R -.mla. 103097 UPEI~AOTI-TANI-0%-Teeds PO1OBII0)

RACA-Langlay - 9-5-81 - 300






